Intergranular cracking behaviors in water quenched 2.25 Cr-1.5 W heat-resistant steels are understood in the light of the formation of grain boundary carbides and the impurities segregation to grain boundaries or carbide interface at the grain boundaries. Before stress rupture tests, all materials were water-quenched after holding at 1050 for 1 h. The microstructure showed a typical lath martensite. Heating rate was 1200 /h to a testing temperature and stress rupture test was performed without any soaking. At a fixed temperature, time to failure increased as the applied stress decreased. Irrespective of the bulk contents of P, the fracture mode was intergranular except for a condition corresponding to a longer time to failure. From AES analyses, the crater interface where grain boundary carbides had existed showed a segregation concentration of P much higher than that at the carbide-free grain boundaries, resulting from the much higher interface energy. The phosphorus segregation at the carbide interfaces of the alloy containing the higher bulk content of phosphorus is mainly replaced by the segregation of nitrogen, tin and tellurium in the alloy containing a lower bulk content of phosphorus. These results suggest that the intergranular cracking follows the sequence from the crater interface to the carbide-free grain boundaries.
Introduction
Residual stresses produced during the welding of steel components such as boiler tubes and pipes in power plant may increase the probability of catastrophic failure and the rate of crack propagation by fatigue, creep and stress corrosion mechanisms during service life. A post weld heat-treatment (PWHT) is therefore commonly employed to reduce these residual stresses by thermally activated flow. This treatment has the additional benefit of decreasing the hardness of the weldment, thereby increasing the toughness.
However, the application of PWHT to steel components in power plant has caused several failures due to stress relief cracking or reheat cracking. This mode of embrittlement is characterized by intergranular decohesion, either in a weld heat affected zone (HAZ) or in the weld metal itself. The microcracks thus formed may either result in complete fracture through the weldment or, more frequently, act as nuclei for subsequent crack propagation during service.
Grain boundary ductility may be reduced during the stress relief cycle by grain boundary segregation of trace impurities and/or by precipitation processes (e.g. grain strengthening, precipitate free zone formation or grain boundary carbide precipitation) to an extent such that it is insufficient to accommodate the plastic deformation associated with stress relaxation.
Recently, a premature failure of a W-modified 9 Cr ferritic steel tubes or pipes took place in a power plant in Japan and the fracture type was intergranular [1] . Also, the similar failure has frequently occurred in a W-modified 2.25 Cr steel of several power plants in Korea since 2007. Some explanations for the premature failure are based on the formation of Laves phase [1] at grain boundaries, the formation of recovery zone along prior austenite grain boundaries [2] and the formation of Z phase which consumes MX carbides [3, 4] . It has been also proposed that the elevated temperature intergranular cracking in heatresistant steels occurs through the development of closely spaced voids at the grain boundaries oriented normal to the tensile stress [5] [6] [7] [8] [9] .
Although several authors have analyzed the growth of a regular array of voids on grain boundaries normal to the tensile stress and a great deal has been known about the phenomenological effects of tensile stress on grain boundary segregation and low ductility intergranular fracture, specific behaviors of impurity segregation and what the nature of low ductility intergranular fracture induced by the tensile stress is are still obscure [10] [11] [12] [13] .
Reheat or stress relief cracking in heat-resistant alloys has been explained by the combination of a precipitation-strengthened matrix and a soft denuded zone formed adjacent to prior austenite grain boundaries [13] [14] [15] and the prior austenite grain boundary segregation of impurities containing P [7-12, 16, 17] . In the former mechanism, the precipitation of M 3 C and M 23 C 6 forms a C-and Cr-depleted zone along the prior austenite grain boundaries. Also the grain interior is strengthened by the precipitation of fine MC carbides. Therefore, most of the strain which results from a residual or thermal stress is concentrated in the soft denuded zone, causing intergranular cracking in which the crack surface includes many dimples. In the latter mechanism, the segregation of impurities to the prior austenite grain boundaries is known to cause the intergranular cracking by lowering a cohesive strength of grain boundaries.
In this study, effects of the impurities segregation to grain boundaries or carbide interface at the grain boundaries on intergranular fracture are investigated and the intergranular cracking mechanism is clarified through the stress rupture test in 2.25 Cr-1.5 W heat resistant alloys
Experimental
Two types of 2.25 Cr-1.5 W heat-resistant alloy ingots of 6 kg were prepared using a vacuum induction melting process. The chemical compositions of the alloys are shown in Table 1 . The bulk content of phosphorus was markedly different in the three alloys (hereafter, P040 and P600). The ingots were solution-treated at 1200 for 1 h and forged to 12 mm thick plates. Stress rupture test specimens with a thread-head of 11 mm in diameter and a gauge with a length of 15 mm and a diameter of 6 mm were machined from the plates. The specimens were austenitized at 1050 for 1h under a vacuum of about 10-2 Torr and water-quenched for obtaining a martensitic structure. Rupture tests were performed in air using conventional creep test machines in a temperature range of 550 to 700 and a stress range of 75 to 300 MPa. The specimens to which the N-type thermocouple was attached were heated to the test temperature at 1200 /h. The rupture test was carried out with no soaking at the test temperature. Fracture surfaces of the ruptured specimens and reduction in area were examined, using a scanning electron microscope (SEM) after ultrasonic-cleaning. Carbides in the ruptured specimens were analyzed with a conventional transmission electron microscope (TEM) and energy-dispersive X-ray spectroscopy (EDS), using a carbon replica extraction method. The segregation behavior was investigated using an Auger electron spectrometer (AES). The AES specimens machined from the ruptured specimens in the tensile stress direction were chilled with liquid nitrogen for approximately 30 min and then impact-fractured in a vacuum of about 7 x 10 -10 Torr or higher to minimize the post-fracture contamination. Grain boundary facets or carbide interfaces of more than ten points were investigated. Peak-to-peak height ratios, I/IFe, were obtained from each differential Auger spectra and then averaged. The AES peaks used were Fe 703 Figure 1 shows changes in time to failure and reduction in area with temperature and tensile stress. As shown in Fig. 1(a) and (b) , the time to failure increased with decreasing tensile stress and with decreasing temperature under 300 MPa. The time to failure was shorter in P600 than P040. As shown in Fig. 1(c) and (d), the reduction in area was nearly zero under 300 MPa but increased rapidly with decreasing tensile stress. Changes in fracture surface with temperature after rupture test under 300 MPa are shown in Fig. 2 . The intergranular cracking was observed not only in P600 but also even in P040 where the bulk content of phosphorus is minimized. Many dimples, which are usually observed at reheat crack surfaces and are considered to be micro-ductile fracture areas around grain boundaries [13] , were also observed at the intergranular crack surfaces of the ruptured specimens. The density of the dimples increased abruptly with decreasing temperature. Figure 3 shows fracture surfaces of the AES specimens and Auger spectra. As shown in Fig. 3(a) for the fracture surface of the P600-300 MPa-575 specimen, the intergranular fracture surface consisted of the dimpled ( ) and carbide-free smooth ( ) grain boundary regions. Surprisingly, the phosphorus segregation concentration was prominently higher in the dimpled regions than in the smooth grain boundary regions, as shown in Fig. 3(a) . Such a prominent segregation behavior of phosphorus would not be observed in the dimpled regions if they were micro-ductile fracture areas around the grain boundaries. Although the bulk content of tin (Sn) and tellurium (Te), which are the grain boundary embrittlers [18] [19] , is below 10 ppm (Table 1) , a strong segregation behavior of Sn and Te was observed together with the segregation of phosphorus, sulfur, carbon, and nitrogen in the dimpled regions of Fig. 3(b) which is the fracture surface of the P040-300 MPa-600 specimen. The strong segregation behavior of the impurities was always observed in the other dimpled regions of the specimen. Profiles of impurity segregation concentration versus temperature and time to failure are provided in Fig. 4(a), (b) and (c) . The phosphorus segregation concentration of the P600-300 MPa-Temperature specimens was markedly higher in the dimpled regions than at the smooth grain boundaries, as shown in Fig. 4(a) .
Results and discussion
The dimpled regions showed a similar saturated segregation concentration of phosphorus except for 700 , regardless of test temperature. However, the grain boundary segregation concentration of phosphorus increased with decreasing temperature, and the segregation behavior of the other tracer impurities was negligible. As shown in Fig. 4(b) , even in the phosphorus bulk content of 40 ppm, the phosphorus concentration in the dimpled regions increased markedly with decreasing temperature, the sulfur concentration was saturated below 650 , and the segregation concentration of oxygen, which is not from the AES atmosphere and is also a grain boundary embrittler [20, 21] , decreased with decreasing temperature. Unlike the P600 specimens, a prominent segregation behavior of nitrogen, tin and tellurium was observed in the dimples of the P040 specimens, but the segregation of these elements was more or less irregular, regardless of temperature. In the case of the P040 specimens, only a trace of a smooth grain boundary fracture surface was observed, and the Auger spectra obtained showed noticeable carbon and chromium peaks. Figure 5 shows the similarity between the fracture surface of the ruptured P040-300 MPa-600 specimen and the corresponding fracture surface of the AES specimen. The fracture surfaces showed an almost identical intergranular dimple fracture mode, except for the cleavage area at the fracture surface of the AES specimen. In a low temperature fracture behavior, the cleavage fracture mode can generally not coexist with a ductile dimple fracture mode.
Based on the prominent segregation behavior of the impurities observed in the dimpled regions and the similarity in the fracture surfaces, the dimpled regions observed in the present study or at the intergranular reheat cracked surface are not the micro-ductile fracture areas but the interfaces of carbides formed at the grain boundaries. Fig. 1 Changes in time to failure and reduction in area (RA) with temperature and tensile stress: (a) the time to failure at 650 and 700 , (b) the time to failure under 300 MPa, (c) RA under 300 MPa, and (d) RA at 700 . In(d), the times to failure of P040 and P600 correspond to those at 700 of (a), respectively Considering the free surface in which the distance between atoms in the broken surface and the broken surface pair is infinite, the grain boundary energy is much lower than the surface energy [19] . This is because the grain boundary may be treated as a kind of interface in which the average distance between the outermost atoms of two grains is longer than the equilibrium atomic distance. Therefore, the more active segregation of impurities occurs at the free surface. Furthermore, the incoherent grain boundary carbide interface may be considered to be a quasi-free surface in which the atomic bond between the outermost atoms of the carbide surface and the neighboring grain is relatively weak, explaining the strong segregation tendency of the impurities to the carbide interface under tensile stress which is shown in Fig.  3 and 4 .
From the present experimental results, in order to ensure the safe and long performance under tensile stress of heat-resistant alloys, a precise heat treatment following the addition of strong inner-grain carbide forming elements (especially, titanium, vanadium or niobium) rather than the minimization of impurity bulk contents should be carried out to inhibit the formation and growth of grain boundary carbides, the interface of which acts as a strong segregation site of impurities and thus the initial cracking site.
Conclusions
The correlation between the interfacial segregation of impurities and the elevated temperature intergranular cracking under tensile stress has been investigated in heat-resistant alloys. Due to the higher carbide interface energy, impurities segregate more actively to the carbide interfaces than the grain boundaries, resulting in the severe embrittlement at the carbide interfaces. The elevated temperature intergranular cracking under tensile stress does not occur through the development of closely spaced voids at the grain boundaries but simply due to the carbide-free grain boundary cracking following the decohesion of the grain boundary carbide interfaces. Even though the bulk content of tracer impurities is minimized, the intergranular cracking occurs eventually when the carbide-free grain boundary strength drops to the increased tensile stress which results from the decohesion of the grain boundary carbide interfaces. To ensure the safe and long performance under tensile stress of heat-resistant alloys, a precise heat treatment following the addition of strong inner-grain carbide forming elements rather than the minimization of impurity bulk contents should be carried out.
